Two glasses based on lithium disilicate (LS 2 ), with and without fluorapatite (FA), were synthesised in the Li 2 O-SiO 2 -CaO-P 2 O 5 -CaF 2 system with P 2 O 5 : CaO : CaF 2 ratios corresponding to fluorapatite. Glass-ceramics have then been prepared by thermal treatment. The mechanism and kinetics of crystallization as functions of grain size and rate of heating were investigated using thermal analysis methods. The smaller particles crystallize preferentially by surface crystallization, which is replaced by volume crystallization at larger particle sizes. Inclusion of FA in the LS 2 favours crystallization through the surface mechanism. The onset limit for volume crystallization replacing the surface mechanism is at about 0.3 mm for pure LS 2 glass and 0.9 mm for glass containing FA. The calculated activation energies of the glasses (299 ± 1 kJ mol -1 for pure LS 2 glass and 288 ± 7 kJ mol -1 for glass containing FA according to Kissinger, or 313 ± 1 kJ mol -1 for pure LS 2 glass and 303 ± 8 kJ mol -1 for glass containing FA according to Ozawa) indicate that the tendency of the glasses to crystallize is supported by the FA presence. Bioactivity of all samples has been proved in vitro by the formation of new layers of apatite-like phases after soaking in SBF. Warsaw and Springer-Verlag Berlin Heidelberg. 
Introduction
Lithium disilicate (Li 2 O•2SiO 2 , abbreviated LS 2 ) forms an impervious glass on cooling from the melt. Glass-ceramics based on LS 2 are obtained from parent glasses using well-established techniques of thermal treatment. Polycrystalline solids are formed in a controlled nucleation and crystallization process. In this way new kinds of materials with enhanced mechanical properties and bioactive behaviours can be produced. In comparison with glasses, the glass ceramics exhibit superior mechanical and optical properties [1, 2] . The crystallization of glass has been studied, especially in silicate glasses, considering the thermal treatment as a multi-stage process. Crystals are first nucleated at lower temperatures and then grown to well-detectable sizes at higher temperatures. Nucleation and crystallization can therefore be considered as two connected stages of the same continuous thermal process. The "transition" between nucleation and crystallization depends only on the thermodynamically critical size of nuclei/crystals [3] [4] [5] [6] [7] . It is generally accepted that the crystallization process occurs through two mechanisms: volume (bulk) or surface crystallization. However, the overall crystallization process that occurs in glass during its conversion to glass-ceramics is a complex structural reorganization that is too complicated to be interpreted as the so-called internal (bulk) or the surface mechanism occurring separately and independently of each other. In most cases, crystallization by internal and surface mechanisms proceeds simultaneously and competitively. The specific mechanism which would dominate the crystallization of a particular glass is generally determined by its kinetic and thermodynamic properties (such as diffusion coefficient, molar volume, entropy of fusion etc.), which, in turn, depend upon the glass composition [5] [6] [7] [8] [9] [10] [11] . Nucleation can simultaneously occur through both mechanisms leading to the precipitation of two or more crystal phases with different sizes, morphology and distribution. In our previous works [1, 2] various glass ceramics containing fluorapatite with appropriated mechanical and bioactive properties have been developed for potential biomedical and dental applications. Ranasinghe et al. [12] have applied the differential thermal method (DTA) to measure the nucleation and crystal growth rate as well as the number of nuclei in a glass. On the basis of this method, they developed a numerical model for measuring the concentration of quenched-nuclei and the nucleation rate for LS 2 glass. They found an agreement between the DTA curves, computer generated, and experimental values.
The most common and convenient method used to identify and distinguish between surface and internal crystallization is based on differential thermal analysis, as developed by Ray and Day [13] . The method requires as input the temperature corresponding to the maximum of the DTA crystallization peak, T P , the maximum height of the DTA crystallization peak, (δT) P , and the ratio T 2 P /(ΔT), where (ΔT) P is the peak half-width. These quantities are determined as functions of the glass particle sizes. Then the crystal growth dimension n, also known as the Avrami parameter, is defined by equation (1) [14] .
where R is the gas constant, and E the activation energy for crystal growth. If the latter is considered independent of particle size, T 2 P /(ΔT) P would be proportional to n. A value of n close to 1 indicates surface crystallization, while n close to 3 signifies internal crystallization. Intermediate values between 1 and 3 are indicative of concurrent surface and internal crystallization [15] .
The thermal stability of glasses against crystallization is evaluated by determining the characteristic temperatures from DTA or DSC curves, or on the basis of activation energy values [16, 17] , or by means of combined criteria such as E a /RT (E a is the activation energy, R represents the gas constant and T is the absolute temperature).
In [17] , a new criterion for evaluating the thermal stability of glass is based on the induction period of crystallization. It arises from the so-called single-kinetics approximation. In this treatment, the equations describing the kinetics of processes occurring during the overall crystallization are replaced with just one single-step kinetic equation. (2) where k(T) is a temperature function and f(α) is a conversion function.
Consequently, the reaction rate is a function of temperature only. Under non-isothermal conditions, the temperature function is expressed by the Arrhenius equation (3) where A k is the pre-exponential factor, and the furnace temperature T is given by T=T 0 +βT (T 0 is the temperature at time t = 0, β is the heating rate).
The aim of the present work is to determine the influence of fluorapatite on the mechanism and kinetics of LS 2 glass transformation and to evaluate the thermal stability of glass against crystallization using the differential thermal method (DTA). The stability of the glasses is also evaluated by means of the kinetic parameters (the values of activation energy). Finally, the bioactivity of the glasses and glass-ceramics is investigated by in vitro testing, through immersion in SBF.
Experimental Procedures
The samples of pure lithium disilicate glass (further denoted as glass (a)) and of glass with CaO, P 2 O 5 and CaF 2 added in stoichiometric ratio corresponding to fluorapatite (denoted as glass (b)) were prepared by mixing and homogenizing ground quartz sand (99 wt.% SiO 2 , Sklopísek, a.s., Střeleč, Czech Republic), Li 2 CO 3 (> 98 wt.%, Fluka, USA), CaF 2 (99.9%, Aldrich, USA) and Ca 3 (PO 4 ) 2 (96%, Fluka, USA). In this work, we consider samples with 14 wt.% of P 2 O 5 .
In order to investigate the crystallization mechanism in relation to the chemical composition, thermal analyses of the two glasses (with and without FA) with different particle sizes were performed (DTA -Derivatograph Q -1500D). The samples were ground and subsequently sieved to obtain the following fractions: 0.071 -0.125, 0.25 -0.355, 0.355 -0.5, 0.8 -1.0, 1.6 -2.0, 3.0 -4.0, 4.0 -6.3 (mm). Particle size was taken as the arithmetic midpoint of each size range: 0.098, 0.3025, 0.4275, 0.9, 1.8, 3.5, 5.15 (mm) respectively. The powdered glasses were heated from room temperature at a rate of 10°C min -1 until the crystallization was complete. DTA measurements were performed in a nitrogen atmosphere.
The thermal stability of pure LS 2 glass and glass containing FA was also investigated using TA INSTRUMENT 2860 SDT. The samples were subjected
to grinding and sieving, and the fraction 71 -125 μm was used for thermal analysis. Powdered glass samples of about 20 mg were heated in platinum crucibles from room temperature until the crystallization was completed at 2, 4, 6, 8 and 12°C min -1 rates. DTA measurements were performed in a nitrogen atmosphere.
The bioactivities of glass and glass-ceramic samples were tested in vitro according to the method developed by Kokubo [18] and used in references [2, 19, 20] .
Results and Discussion

Mechanism of glass crystallization
In order to determine the effect of FA on crystallization mechanism, DTA thermograms of pure lithium disilicate glass (a) and the glass containing FA (b) were compared.
The mechanism of crystallization is determined using DTA from the variation of two parameters with particle size: (1) the temperature corresponding to the maximum of the DTA crystallization peak, T P , and (2) the ratio T 2 P /(ΔT) P ,where (ΔT) P is the width of the DTA peak at half-maximum.
Temperature corresponding to the maximum of the DTA crystallization peak, T P
The temperature corresponding to the maximum of the DTA crystallization peak, T P , increases with increasing particle size, both with the LS 2 reference glass and for the glass with 14 wt.% P 2 O 5 (Fig. 1) . The presence of FA results in displacement of crystallization towards lower temperatures at all particle sizes, and must therefore be seen as promoting crystallization.
The ratio T 2 P /(ΔT) P
The pattern of T 2 P /(ΔT) P dependence on particle size differs for the glasses without and with P 2 O 5 addition (Fig. 2) . While the T 2 P /(ΔT) P dependence of pure LS 2 glass show a decreasing trend with increasing particle size up to 0.3 mm, the glass containing 14 wt.% of P 2 O 5 continues a similar decreasing trend up to 0.9 mm. After the particle size exceeds 0.3 mm for glass (a) or 0.9 mm for glass (b), the ratio T 2 P /(ΔT) P increases with particle size. However for the larger particle sizes of glass containing P 2 O 5 there is no clear relationship between T 2 P /(ΔT) P and particle size. If E a (activation energy for crystal growth) is assumed to be independent of particle size, the value of n in equation 2 should be proportional to the T 2 P /(ΔT) P ratio. Correspondingly, T 2 P /(ΔT) P values which decrease with increasing particle size ensure the decrease of n to minimum values, and consequently indicate a tendency to surface crystallization. Conversely, increasing values of T 2 P /(ΔT) P imply an internal crystallization mechanism. It can be deduced from the different T 2 P /(ΔT) P dependencies of the two glasses that the addition of P 2 O 5 supports surface crystallization. This may play a role in the bioactive behaviour of this glass as will be suggested later. Figure 1 . The temperature at the maximum height of the DTA crystallization peak, T P , as a function of particle size for glass without P 2 O 5 addition and for glass containing 14 wt.% P 2 O 5 .
Figure 2.
The ratio of the square of the peak temperature, T P , to peak half-width, (ΔT) P , as a function of particle size for glass without P 2 O 5 addition and for glass containing 14 wt.% P 2 O 5
Kinetics of glass crystallization
Typical DTA curves of pure glass (a) and glass containing 14 wt.% P 2 O 5 glass (b) recorded at the heating rate of 12 °C min -1 are shown in Fig. 3 . The characteristic temperatures, T x (the onset temperature of the crystallization peak) and T P (temperature corresponding to the maximum height of the DTA crystallization peak), directly determined from all DTA curves are summarized in Table 2 .
The comparison of experimental and calculated values of temperatures for overall crystallization is presented in Fig. 4 and shows good agreement.
The values of activation energies were calculated according to Equations (4) and (5) as proposed by the Kissinger [21] and Ozawa [22] methods, respectively.
The values of E(T P ) and E(β) determined from the slopes of these linear relationships are listed in Table 2 .
The determined values of activation energy for glasses (a) and (b) do not differ significantly from one another. Nevertheless, all of obtained results confirm that the glass containing CaO, P 2 O 5 and CaF 2 has an enhanced tendency to crystallize. The isoconversional methods operate with experimental data without any mathematical transformations, thereby avoiding errors which arise from data scatter in the Kissinger and Ozawa methods. However it is necessary to point out that the values obtained for such parameters as activation energy, are only apparent parameters without serious physical meaning. They can only be used to evaluate and compare the thermal stability of glasses or to simulate the crystallization process for temperature regimes other than those applied in the measurements.
The results of in vitro bioactivity testing
Four samples (two glasses and two glass-ceramics) were submitted to in vitro bioactivity testing. A description of the testing procedure was reported in our earlier papers [1, 2] . Fig. 5 shows SEM micrographs of pure LS 2 glass (a) and glass containing 14 wt.% of P 2 O 5 (FA) (b) before and after soaking in SBF for a period of 6 weeks. In comparison with the smooth-faced surfaces of primary glasses, the surfaces of glasses after SBF exposure changed. A continuous layer of new phases can be observed on the surface of the samples containing 14 wt% P 2 O 5 . Pure LS 2 -glass (a) shows surface partially covered with dispersed regions of new phases.
The influence of heat treatment upon surface bioactivity of glass-ceramics obtained from related glasses is illustrated in Fig. 6 . The parent glass has shown an intensive reactivity in SBF. It is evident from these figures that the layer thickness has slightly decreased with heat treatment. These findings are in agreement with those of Peitl et al. [23] who have found that glass ceramics with a high degree of crystallinity are less reactive than related glasses. 
